The use of highly inducible HSP promoters for exerting spatial and/or temporal control over the expression of therapeutic transgenes has long been discussed. Localized and time-limited induction of the heat shock response may potentially also be of medical interest. However, such applications would require targeted delivery of heat doses capable of activating HSP promoters in tissues or organs of interest. Accessible areas, including the skin and tissues immediately underneath it, may be most readily targeted. A few applications for heat-directed or heat-controlled therapy in the skin might involve expression of proteins to restore or protect normal skin function, protein antigens for vaccination/immunotherapy, vaccine viruses or even systemically active proteins, e.g., cytokines and chemokines. A review of the literature relating to localized heat activation of HSP promoters and HSP genes in the skin revealed that a multitude of different technologies has been explored in small animal models. In contrast, we uncovered few publications that examine HSP promoter activation in human skin. None of these publications has a therapeutic focus. We present herein two, clinically relevant, developments of heating technologies that effectively activate HSP promoters in targeted regions of human skin. The first development advances a system that is capable of reliably activating HSP promoters in human scalp, in particular in hair follicles. The second development outlines a simple, robust, and inexpensive methodology for locally activating HSP promoters in small, defined skin areas.
Introduction
Therapies, including genetic therapies, are preferably constrained to the time required to produce the desired therapeutic effect and to the body region targeted by the intervention, should the nature of the therapy permit. Highly inducible promoters of HSP genes have long been considered for their potential to regulate gene therapies. While such promoters may be activated to some degree by various chemical compounds, heat tends to be the most effective activation modality. Furthermore, spatial control may not be readily achieved via chemical compound activation of an HSP promoter.
Hence, reliable physical methods for delivering an activating heat dose (defined by temperature and duration of exposure) to the intended region are essential to employ HSP promoters in targeted therapies.
We focus herein on approaches that deliver an HSP promoter-activating heat dose to the skin, in particular human skin. Many applications can be envisaged that would require activation of HSP promoters in the skin. For example, regionally or systemically active polypeptides, including cytokines and hormones, may be expressed in the skin-either in cells of the skin or in cells introduced in the skin-from genes controlled by HSP promoters. For many of the latter active agents, control over the time during which they are produced or the location of their expression may be important. Other applications of HSP promoters may include expression of polypeptides for the treatment of various skin diseases. Yet other applications may involve the controlled expression of foreign antigens, i.e., subunit vaccines, or alternatively the controlled proliferation of vaccine viruses. Lastly, there may be skin conditions for which local activation of the heat shock response, i.e., the activation of endogenous HSP and/or other heat-inducible genes, may be beneficial.
In principle, heating of skin areas and immediately underlying tissue may be achieved using technology that is simpler than that required for targeted deep tissue heating. Still, the common obstacle for all heating applications is dissipation of heat. There are also important differences between rodent, e.g., mouse, skin, and human skin, which make efficient heat activation of HSP promoters more difficult to accomplish in human skin (Sundberg et al. 2012) . Both human epidermis and dermis are much thicker than the corresponding mouse tissues (excluding areas of thick skin such as, e.g., footpads). Human dermis is also highly vascularized, containing rich papillary and deep dermal networks that play an essential role in thermoregulation by dissipating heat. In contrast, mouse dermis is poorly vascularized. Moreover, human skin, but not mouse skin (except for the footpads), is abundantly dotted with eccrine sweat glands. These glands are critically important for heat loss, as is underscored by the tendency for people without functional glands to develop hyperthermia and heat stroke. In summary, the rich dermal vascularization and the eccrine glands that are present body-wide cause heat dissipation to be much more effective in human skin than in mouse skin. Consequently, a method that successfully activates HSP promoters in mouse skin may not prove to be similarly effective in human skin. Furthermore, there are strong thermal effects on rates of perfusion. Local thermal exposure was found to increase perfusion in the human skin by as much as 10-20-fold (Dewhirst et al. 2003; Song et al. 1980 Song et al. , 1990 Houghton et al. 2006) . Thus, achievement and maintenance of an elevated temperature in a targeted region of human skin is opposed by local heat dissipation, which in turn is boosted by the thermal exposure itself. Furthermore, the more efficient the local heat transfer, the steeper will be the thermal gradients. Adding to the complexity, a chosen activating heat dose may cause collateral thermal damage. Even if no damage is inflicted, the thermal exposure may exceed the threshold for pain sensation (Stoll and Greene 1959) .
We begin by describing approaches that have been used in small animal models and discuss the few published accounts of experiments that detected HSP gene expression in heattreated skin of human subjects. We then present our own work that was aimed at developing clinically applicable solutions for the effective regional / targeted activation of HSP promoters in human skin.
Experimental activation of HSP promoters in skin or in the subcutaneous space of small mammals Skin may be heated using convective, conductive, or radiative heating approaches. By far the most studies employed a circulating temperature-controlled water bath for convective heating. Mice or rats are fitted with a floating device that allows them to maintain their heads above water, while the rest of their bodies is immersed in the water bath (Tolson and Roberts 2005) . Core body temperature increases, and expression of HSP genes is observed in skin as well as in internal organs. Blake et al. (1990) induced HSP expression in skin and other organs by exposing adult rats in a positive forced air incubator to temperatures up to 40°C for as long as 90 min. BDry heat^(heated container) was employed for whole body heating of mice by Silverstein et al. (2014) .
Region-specific heating of mice and rats was achieved by immersing their hind limbs in a temperature-controlled water bath, using appropriate restraining devices. Such regional heating was employed to heat skin and underlying tissues, which included muscles and subcutaneously implanted tumors in some experiments. Studies of this type are described, e.g., in Brade et al. (2000) , Vilaboa et al. (2005) , Che et al. (2007) , Hall (2008) , Fortin et al. (2014) , Lee et al. (2015) , and Bloom et al. (2015) .
Conduction heating was employed in a study aimed at demonstrating HSP-dependent protection against chemotherapy-induced hair loss. Small patches of skin at the nape of the neck of young rats, as well as adult rodents, were heated via direct contact with the flat end of a metal cylinder (with a diameter of approximately 10 mm), which was internally heated by warm water circulating from a temperaturecontrolled water bath (Jimenez et al. 2008 ). Subsequent to a 46°C heat application for 20 min to non-depilated skin of young rats, strong HSP70 staining in the epidermis and upper parts of hair follicles could be observed. Staining over the entire length of the follicles required exposure to 48.5°C heat. Another study examined whether heat preconditioning could reduce skin damage from ruby laser irradiation (694.3 nm), which is a method used for depilation (Topping et al. 2001) . Skin regions of adult mice were trimmed of hair and were heat-treated for 15 min at different temperatures with the use of a device that featured conduction heating with a thermostatically controlled 15-mm metal plate. Treatment at 45°C produced strong HSP70 staining in the epidermis, and staining extended half-way down the hair follicles without producing recognizable damage. HSP70 staining over the entire length of the hair follicles required a 47°C heat treatment.
Various studies explored the therapeutic potential of radiation heating applications in small mammal models. Smith et al. (2002) investigated the therapeutic utility of ultrasound-activated, HSP promoter-driven genes in mouse and rat models. One set of experiments utilized intradermal administration of an adenovirus vector that delivered a human HSPA7 promoter-controlled luciferase gene. One day after administration, the virus-infected skin region was subjected to irradiation using a portable, commercial, 1 MHz ultrasound device, which was equipped with a 2-cm 2 applicator. Animals were euthanized 12 h later, and tissue samples were taken and processed for luciferase activity measurement. Under optimal conditions (20 min exposure; 50% duty cycle), luciferase expression was induced 212-fold over background.
A short diversion may be permitted to briefly discuss highintensity focused ultrasound (HIFUS) which has received attention for its potential for heating deep-seated tissues. Acoustic energy can be concentrated into a focal volume within a few millimeters. Ultrasound systems have been combined with MRI, PET, or ultrasound imaging for image-guided dose exposure. A first demonstration that MRI-guided HIFUS could be employed to activate an endogenous HSP70 promoter in rat hind leg muscles was provided by Madio et al. (1998) . Later work showed that the technology (improved by the introduction of an automated MR feedback) was also capable of inducing the expression of a GFP transgene which was under the control of a human HSPA7 promoter (Guilhon et al. 2003) . The experiment involved focused heating in rats, which carried subcutaneous glioma xenografts that contained the latter transgene. Elevation of temperature in the target region to 44-50°C for 180 s was sufficient for transgene induction. Expression of an adenovirus-delivered HSPA7-driven luciferase gene could also be activated by MRI-guided HIFUS in the prostate of beagles (Silcox et al. 2005) . A more recent study was aimed at demonstrating the close correlation of MR temperature maps and transgene expression (Deckers et al. 2009 ). The latter study made use of a transgenic mouse model that harbored a mouse HSPA1B promoter-driven luciferase transgene. A close correspondence of local temperature and expression of the transgene assessed by in vivo bioluminescence was demonstrated. Mild heating protocols (2 min at 43°C) that did not cause detectable tissue damage were sufficient for significant gene activation.
O 'Connell-Rodwell et al. (2008) established a mouse model featuring a mouse HSPA1 promoter-driven firefly luciferase gene. Using this model, they demonstrated induction of luciferase expression in the skin following a 1 s CO 2 laser pulse at 10,600 nm and radiant exposures of 1.8, 2.7, 3.5, or 4.4 J/cm 2 . The experiments suggested that this induction was energy dose-dependent, as only a weak induction in a narrow, central region occurred at 1.8 J/cm 2 . A more important induction in a larger region was observed at 2.7 J/cm 2 . At higher radiant exposures, toxicity dominated, and luciferase expression declined. See Wilmink et al. (2008) for a more elaborate study of the same model of induced reporter gene expression and mid-IR laser-induced tissue damage. In a follow-on study, a 6-mm diameter spot on the back of mice was irradiated under conditions (10,600 nm, 1 s pulse, 4.4 J/cm 2 ) that were expected to cause some dermal damage . Seven hours after irradiation, in vivo bioluminescence was employed to define the zone of thermal damage and an adjacent zone in which luciferase was expressed. RNA was extracted from skin samples of the two zones, and microarray analyses were performed. In the adjacent zone, 69 genes were found to be upregulated (≥ 4-fold). Among these genes were HSPA1A, HSPA4, and HSPA8, although other genes including certain chemokine genes were more highly induced. The model was also used to further assess the influence of laser pulse duration and radiant exposure on HSP70 induction, with the intention of defining conditions that produce thermal stress without thermal damage to mouse skin . The HSP70 response in vivo was evaluated using bioluminescence at 5 timepoints for pulse durations that ranged from 1 to 1000 ms. HSP70 signal was correlated with pulse duration, with the highest induction observed for the longest pulses (500 and 1000 ms).
NIR laser light has also been employed for focused heating of skin regions (Tolson and Roberts 2005) . For example, Sajjadi et al. (2013) spot-irradiated the skin of mice using an Nd:YAG laser (1064 nm; 200 ns pulse width) for 15 s. Timeaveraged power values varied between 3.74 and 7.42 W. Enhanced expression of both HSP70 and HSP47 occurred in the epidermis and the dermis of irradiated animals. The authors noted that HSP70 expression may delineate the thermal damage zone, whereas HSP47 expression may illustrate the process of recovery from thermally induced damage.
There is little absorption of NIR light in the 650-900 nm range by hemoglobin and water, a phenomenon termed BNIR tissue transmission window.^Consequently, NIR light can penetrate to a depth of up to 10 cm in soft tissue. While activation of HSP promoters in the skin and immediately below the skin can be achieved with this technology, little activation is induced in strata that lie just a few mm deeper (Rylander et al. 2011) . The depth at which NIR light can efficiently activate HSP promoters has been increased by means of plasmonic nanoparticles that absorb in the NIR part of the spectrum. Such particles, developed for photothermal therapy applications, include gold nanorods, nanospheres, nanoshells and nanocages, and carbon nanotubes and nanohorns (Huang et al. 2008; Robinson et al. 2010) . Conduction electrons of such particles can be photoexcited to induce surface plasmon oscillations. Upon surface plasmon formation, nonradiative relaxation occurs through electron−phonon and phonon−phonon coupling. Heat is efficiently produced on the nanoparticles and is then transferred to the surrounding tissue (Mackey et al. 2014) . Several studies have demonstrated that this technology is highly effective in activating HSP promoters in the subcutaneous space (Miyako et al. 2012; Martin-Saavedra et al. 2014) .
Fractional ablation therapies for skin resurfacing can impart heat and result in HSP induction. For example, Li et al. (2015) examined the histological response to dermal application of microplasma radio frequency to piglets using a roller tip. The roller tip consisted of six cogs, each with 38 metal pins. Both energy and speed of movement of the roller across the skin were varied: 40, 80, or 120 W at 6 cm/s, and 80 W at 2.5 cm/s. Heat generated by microsparks in the plasma between the skin and electrode spicules on the roller resulted in microlesions with upregulation of HSP70 and HSP47 expression in the surrounding epidermis and dermis as determined by immunohistochemical staining. Increased expression was evident by 7 days after treatment, mainly in the dermis. HSP72 and HSP47 expression peaked at 1 month and returned to normal at 6 months.
A recent study (Sandre et al. 2017 ) demonstrated the feasibility of using magnetic iron oxide nanoparticles in an alternating magnetic field to exert transcriptional control over an HSP promoter in skin. A colloidal dispersion in Matrigel of magnetic iron oxide nanoparticles was applied topically or injected subcutaneously in transgenic mice that expressed luciferase from a mouse HSPA1B promoter-driven gene. After dosing, mice were placed in a copper ring solenoid, and an alternating magnetic field was applied. A fiber optic temperature probe was placed in the Bpseudotumor^created by the injected nanoparticles in Matrigel or, in the case of the dermally applied solution, in the droplet on the skin surface. The temperature probe was used to monitor temperature as well as to provide feedback control of the magnetic field generator with the goal of limiting local heating to 45°C. Luciferase expression was evaluated using bioluminescence imaging 6 h after treatment. Both topical application and injection of magnetic iron nanoparticles, coupled with the presence of an alternating magnetic field, were capable of producing mild hyperthermia and increased luciferase expression.
Several studies investigating methods for improving skin flap survival exposed animals to heat treatments and examined expression of HSPs in the flap. In one such study, partially developed dorsal flaps in adult rats were heated for 30 min at 45°C by means of a heating blanket (Koenig et al. 1992) . Six hours later, the flaps were fully developed. Expression of HSP70 in the flaps of heat-treated animals but not control animals could be demonstrated immunohistochemically. This finding was corroborated by another study in which rats were subjected to general hyperthermia by immersion in a temperature-controlled water bath (at 45°C until core body temperature reached 42°C and then at 42°C for 15 min) (Ghavami et al. 2002) . Immunohistochemistry was performed 7 days after heat treatment and flap development. HSP70 staining of basal layer, hair follicles, eccrine glands, and endothelial cells was stronger in the heat-treated group than in the control group.
Microwave irradiation was used to activate HSP70 gene expression in the knee cartilage of rabbits (Tonomura et al. 2008) . Region-specific heating was assured by covering nottargeted parts of the rabbits with aluminum foil. This approach may also be applicable to HSP promoter activation in the skin.
Experimental activation of HSP promoters in human skin Trautinger et al. (1996) were concerned with protecting human skin from UVB damage via heat preconditioning. 25-cm 2 areas of outer forearm skin were heated using a circular copper plate with a hollow copper heating coil affixed to the backside. The coil was connected to a temperature-controlled water bath. Heating was at 41°C for 90 min. Biopsies were taken 4 h later and analyzed immunohistochemically. The authors reported that they detected enhanced expression of HSP70 (HSP72) in the epidermis and de novo expression in the dermis of heat-treated skin. Wilson et al. (2000) subjected 60-cm 2 patches of buttock skin of human volunteers to 41.5°C for 1 h using an unspecified electrical heating device. Punch biopsies of heated und unheated skin were taken 4, 8, and 24 h after heat treatment and were analyzed by immunohistochemistry and western blot. Immunohistochemistry revealed increased epidermal expression of HSP70 (HSP72), HSP60 and HSP27 4 and 8 h after heat treatment. HSP60 signals were noted in the dermis 24 h after heat treatment. Kim et al. (2006) investigated possible effects of NIR exposure on the skin of human volunteers. Skin in a buttock region was irradiated for 65 min using a lamp emitting light in the NIR range of the spectrum (maximal intensity at about 1100 nm). Skin surface temperature rose to 42.1 ± 0.5°C within about 10 min and remained at this level for the remainder of the exposure period. Punch biopsies were analyzed for HSP70 expression by semi-quantitative RT-PCR and western blot. A transient modest increase in HSP70 RNA and an accumulation of HSP70 protein were observed in the epidermis.
Several studies addressed effects of fractional photothermolysis, a Bnonablative^laser modality for the rejuvenation of aged human skin (see, e.g., Laubach et al. 2006; Starnes et al. 2012) . The method involves using IR laser light (at 1500 and 1550 nm, respectively, in the above-cited studies) to create many microscopic areas of skin necrosis (epidermis and underlying dermis). Perhaps not surprisingly, immunohistochemistry revealed enhanced HSP70 signals in areas between lesions. While the latter publications reported transiently increased HSP70 levels 1 day after treatment, which returned to background levels within a few days, two studies using CO 2 lasers reported increased HSP70 (HSP72) immunostaining in epidermis and/or dermis that lasted for one to several months and apparently accompanied a protracted wound healing process (Hantash et al. 2007; Xu et al. 2011) . The studies also found long-lasting increases in HSP47 immunostaining in the dermis. Hantash et al. (2009) developed an RF device for fractional thermolysis. This device delivered bipolar RF energy to the dermis via five microneedle 30 G electrode pairs 6 mm in length and spaced 1.25 mm apart (inserted at an angle of 20 0 ). During the treatment of 4 s, dermal tissue temperature was maintained at 72°C. The epidermis was cooled to prevent damage. The authors reported that the dermis stained positive for HSP70 (HSP72) 2 days after the procedure. This staining was no longer observed after 14 days. Staining for HSP47 was also noticeable at day 2. Elevated HSP47 levels were still observed 10 weeks after treatment.
Towards clinically applicable approaches for the effective activation of HSP promoters in the human skin Activation of HSP promoters in hair follicles of the human scalp
We investigated whether it would be feasible to induce HSP genes in the root of hair follicles of the human scalp. Previous work in rodents had suggested the possibility that heat preconditioning of the hair follicles over their entire length would render them resistant to the toxicity of chemotherapy agents, preventing the alopecia (loss of scalp hair) that is caused by many chemotherapy regimens (Jimenez et al. 2008) . Forced convection heating was considered the most appropriate method for this project (further elaborated in Discussion). A medical system was built whose centerpiece is a small round bath (Bhead bath^) appropriately sized to accommodate the scalp of a subject (Fig. 1a) . Water of the desired temperature circulates through the bath at a rate of 19 l/min, entering through an opening at its bottom and exiting through outlets near its rim. A subject to be treated lays supine on an examination bed and immerses its scalp in the head bath. The subject's head is supported by a cross of strings attached to positions on the rim of the bath (allowing hair to free-flow in the water to the maximum extent possible).
The hydraulic scheme of the core system shows two reservoirs (102,103). The treatment water reservoir (103) is filled with warm water at about 37°C produced by mixing hot and cold tap water from the building. The hot water reservoir (102) receives hot building water (Fig. 1b) . Water from treatment water reservoir is pumped through the head bath (106). Temperature ramp-up in the head bath involves repeated addition of appropriate quantities of hot water from the hot water reservoir to the treatment water reservoir, and of removing excess water from the latter reservoir. Temperature maintenance in the head bath is also assured by the controlled transfer of small volumes of hot water to the treatment water reservoir. These and other operations are controlled by a processor. If desired or needed when the temperature of the hot building water is below that required, the core system is operated in conjunction with an auxiliary heating system. A typical ramp-up temperature profile is shown in Fig. 1c . Prior to ramp-up, the treatment water reservoir is filled with warm water. Ramp-up to the desired treatment temperature (here 46°C) begins at the time point indicated by the arrow and takes about 5 min. As exemplified in Fig. 1d , the system maintains treatment temperature within narrow limits. Maxima and minima were 46.1 and 45.8°C, respectively. Prior to exposure experiments, the system was tested for electrical safety and was found to conform to the relevant norm IEC 60601. The data presented below are from selfexperiments in which the principals of the study participated.
In a typical experiment, a subject was donned earplugs and an ear-and-neck covering and then immersed its scalp in the warm water-filled head bath. After ramp-up, temperature in the head bath was maintained at 45.5°C for 30 min. It is noted that the highest heat dose administered in any experiment was 46.5°C for 30 min. This dose was known not to cause heat damage to skin from an earlier study by Moritz and Henriques (1947) . While searching for a reason why HSP gene induction was not observed in a first series of experiments, we discovered that the temperature on the surface of a subject's scalp (measured using a thermocouple) was several 0 C lower than the water temperature in the head bath. To enhance the exchange of water on the scalp, the system was modified to include three additional pumps that operated parallel to pump 205 and delivered water from the treatment water reservoir to the sides and the back of the scalp through jets (increasing the overall flow rate to 76 l/min) (Fig. 1e) . This improvement reduced the temperature difference between scalp surface and head bath to no more than about 0.2°C. Core temperature was measured periodically and was found to remain unchanged.
In the experiments performed with the modified system that are presented herein, hair plucks comprising about 50 hairs were taken before, immediately after and 2.5 h after the heat exposure. The lower portions of the hair plucks were quick-frozen in liquid nitrogen and stored at − 80°C until analysis. RNA was extracted and analyzed by RT-qPCR for transcripts of the HSPA1A and HSPB1 genes. HSPA1A expression data from five experiments involving different individuals are shown in Fig. 2 Fig. 1 Forced convection heating of the human scalp for activation of HSP promoters. a Representation of medical system Thermather (excluding the external heating tower). Visible are the head bath, the touchscreen control unit, the lock, main and emergency interrupters, and an overhead display unit. b Hydraulic scheme (from which all elements relating to automated cleaning and disinfection of the system were omitted). between about 14 and 31 in determinations that employed the RPL13A gene for normalization. Substantial activation (> 1.5-fold) of the HSPB1 promoter was only seen in one of these experiments (not shown). In total, eight similar experiments were conducted. Elevated levels of HSPA1A transcripts were seen in all experiments, but levels of HSPB1 transcripts were only found substantially increased in three of the experiments. Generally similar results were obtained when the RPLP0 gene was employed for normalization of HSPA1A expression, except that heat activation was not evident in one of the eight experiments. Therefore, using forced convection heating, the HSPA1A promoter could be activated robustly in cells of hair follicle roots, which are located at a depth of approximately 4 mm in an abundantly vascularized part of the skin (Jimenez et al. 2011) .
General method for activation of HSP promoters in the human skin
A heating method that is inexpensive, operative anywhere in the field as well as applicable without the need for medical assistance may employ pads that are heated by the crystallization of a supercooled solution. This technology is well known (see U.S. patent no. 3,951,127 awarded to Watson and Watson in 1976) and has long been used in commercial articles such as, e.g., heating pads for soothing muscle or joint aches.
In our proof-of-principle experiments, we aimed to deliver to human skin a heat dose near the upper end of the comfort zone but well below the threshold for skin damage (Moritz and Henriques 1947) . We settled on a dose of about 45°C/ 15 min. For the supercooled solution sodium thiosulfate pentahydrate was employed. This salt was chosen because it has a melting point of about 48°C, is inexpensive and essentially nontoxic. 10 × 10 cm heating pads were made from 0.1 mm thick PVC film (double-layered on the contact side) and contained 150 ml of sodium thiosulfate pentahydrate solution (99% pure; Fox Chemicals GmbH, Germany) that had been stabilized by the inclusion of 3% (weight) of distilled water (Fig. 3a) . We observed that the supercooled solution in the pad remained in the liquid state for several months when the pad was kept at room temperature. To ensure a tight contact between skin and heating pad, a water-based gel was applied to the area to be heated, here an area on an inner forearm of a subject. Crystallization was initiated, and the heating pad was placed on the forearm and was fastened using a sleeve having Velcro closures (Fig. 3b) .
The data presented herein are from a self-experiment in which three principals of the study participated. The temperature evolution on the skin surface under the heating pad was measured by means of a calibrated thermocouple inserted between skin and heating pad. The intended operating temperature (45 ± 0.5°C) was reached 1-2 min after the heating pad had been affixed and was maintained within narrow limits throughout the remainder of the 15-min exposure period (Fig. 3c) . Core body temperature did not change. We found that a single prick with a fine needle reliably and rapidly triggered crystallization. More elaborate starter mechanisms such as the inclusion in the pad of a snap metal disc or small rigid objects such as glass beads were described in U.S. patents nos. 4,379,448 and 5,275,156 . Thirty minutes after heat treatment, punch biopsies were taken from the center of the treated area as well as from a similar location on the contralateral arm. The cylindrical skin biopsies were embedded vertically in TissueTek on metal holders, quick-frozen in liquid nitrogen and then stored at − 80°C. Each sample was cut on a cryostat at a nominal section thickness of 40 μm. The texture of the sectioned tissue surfaces allowed differentiation between epidermis, dermis, and hypodermis. The metal knife was carefully cleaned (70% ethanol) when moving from one tissue compartment to the next. Multiple sections (8-12) of each compartment were pooled, and RNA was extracted using a standard method. Extracted RNAs were analyzed by RT-qPCR for HSPA1A and HSPA7 transcripts, using β2-microglobulin transcripts for normalization. We found that the heat treatment resulted in strong activation of the HSPA1A and HSPA7 promoters in all three subjects. Relative HSPA1A transcript levels in heat-treated epidermal tissue were 7.75, 10.1, and 18.0 for how a heating pad is placed and fastened to a forearm of a subject. c Temperature on the skin surface during a 15-min heat treatment. d RTqPCR data for three subjects. HSPA1A and HSPA7 RNA quantities were normalized using cellular β2-microglobulin RNA and expressed as relative quantities. Multiple tissue sections for each tissue compartment were pooled, and RNA was extracted using an RNeasy Mini Kit (Qiagen) and reverse-transcribed employing the QuantiTect RT Kit (Qiagen). RNA was quantified using a NanoDrop spectrophotometer. cDNA was amplified using a SYBR-Green RT-PCR kit from Qiagen. (For B2M primers see Cicinnati et al. 2008 and for HSPA1A and HSPA7 primers see Villa et al. 2015) subjects 1-3, and levels in untreated tissue were 0.39, 0.42, and 0.33, respectively (Fig. 3d, top graph) . Fold induction was 19.7, 23.6, and 54.4, respectively. For HSPA7 transcripts, responding relative values were 0.43, 0.68, and 2.31 for heattreated tissue and 0.0071, 0.0007, and 0.013 for untreated tissue. Induction was 60.0-, 944-, and 171-fold. Similar findings were made for the other compartments, although lower fold induction values were also observed that were apparently due to elevated levels of uninduced expression in some tissue samples (Fig. 3d, middle and bottom graphs) . It is noted that there was no obvious gradient of induced gene activity from epidermis to hypodermis. However, there appeared to be differences in the responses seen in the different subjects. For example, subject 3 expressed significantly higher levels of HSPA1A and HSPA7 transcripts in the epidermis than subject 1 but significantly lower levels in the hypodermis. Comparable results were obtained when HSP transcript levels were normalized relative to RPS13 gene transcripts (not shown), except that normalized levels were depressed for one of the subjects who expressed considerably more RPS13 RNA than the other two. We conclude that the general method presented herein, which employs heating pads that heat by crystallization of sodium thiosulfate pentahydrate, was capable of effectively activating HSPA1A and HSPA7 promoters in all skin layers.
Discussion and reflections
As elaborated above, various methods for localized heating were employed in small animals (mostly rodents). Convective heating, i.e., water bath heating, of rodent legs resulted in induction of HSP gene activity in skin and underlying tissues including muscles and subcutaneously implanted tumors. Such studies were described, e.g., in Brade et al. (2000) , Vilaboa et al. (2005) , Che et al. (2007 ), Fortin et al. (2014 , Lee et al. (2015) , and Bloom et al. (2015) . Targeted conductive heating of mouse or rat skin activated endogenous HSP genes in epidermis and hair follicles (Topping et al. 2001; Jimenez et al. 2008) . Application of ultrasound to the skin also induced HSP promoter-driven gene activity in the skin (Smith et al. 2002) . Narrowly targeted irradiation using a NIR laser activated HSP gene expression in the skin and on the skin-proximal surface of a subcutaneously implanted tumor (Tolson and Roberts 2005; Rylander et al. 2011) . Mid-IR irradiation has been employed to stimulate HSP gene expression in the skin (O'Connell-Rodwell et al. 2008; Wilmink et al. 2008; Sajjadi et al. 2013) . Microwave irradiation may also be applicable to activation of HSP promoters in the skin (Tonomura et al. 2008) .
Human skin was heated and HSP promoters activated by conductive methods (Trautinger et al. 1996; Wilson et al. 2000) , irradiation with NIR (Kim et al. 2006) or fractional thermolysis using mid-IR (Laubach et al. 2006; Hantash et al. 2007; Starnes et al. 2012; Xu et al. 2011) or RF (Hantash et al. 2009 ). It is noted that the qualitative analysis methods employed in these studies make it impossible to assess how effectively HSP promoters were activated.
A priori, any of the above methods that have been used for heating the skin of animals or humans and activating HSP promoters in cells located therein may be considered for clinical applications. However, methods and/or equipment used in their practical implementation would need to be adapted to accommodate human anatomy as well as to fulfill requirements critical for the intended clinical application. The method for human hair follicle heating discussed above provides an example of such an adaptation. A key requirement was to heat the entire scalp of human subjects, taking into consideration the parameters of variant head size, different patterns of hair growth as well as the variety of length and density of hair. This requirement virtually excluded methods of conductive heating and of NIR irradiation. Other radiative methods such as focused ultrasound could have been used, except for the difficulty of designing a device/system that is capable of uniformly irradiating the scalp of any subject. What remained as the only apparent, practicable method was convection heating delivered with a water bath of sufficient size to permit the submersion of any subject's scalp and that features high-velocity forced convection to exchange water molecules close to the scalp and to prevent the development of layers or pockets of (cooler) stagnant water on the scalp.
Convection heating, conduction heating using electrical heating equipment, as well as radiation heating approaches such as ultrasound, microwave, RF, or NIR or mid-IR laser may be employed to heat defined skin areas on human extremities (and, possibly, other body regions). All of these approaches require devices of some complexity and a hospital or medical practice environment. Even if they could be made portable, such devices would be dependent on electrical outlets, local energy generation, or a supply of charged batteries. Furthermore, physician or technician time may have to be allocated to each treatment. Hence, the expense of employing any of the latter approaches would be considerable. A heating method that is inexpensive, safe, operative anywhere in the field as well as capable of being used without medical assistance may employ pads that are heated by the crystallization of a supercooled solution. We have demonstrated that such a method can be successfully employed to reproducibly deliver a defined heat dose to a targeted skin area of a human subject. Having such a method available may facilitate therapy applications involving localized activation of a heat shock response as well as heat-controlled gene or cell therapies in skin or, possibly, also in the space below skin. Our own interest was to develop a robust and inexpensive method for activating replication-competent controlled vaccine viruses subsequent to their intradermal or hypodermal administration Bloom et al. 2015) .
For obvious reasons, our experiments were not capable of comprehensively characterizing the two methods for HSP activation in human skin presented herein. Thorough characterization will only be possible in the context of human clinical trials. We have chosen an inner forearm location for our experiments with the heating pads. The reason for this choice was that the inner forearms of most persons contain little terminal hair which was considered a potential confounding factor. At present, we do not know whether the HSPA1A and HSPA7 promoters were maximally activated under the chosen heat exposure conditions. If the promoters were in fact maximally activated, the heat dose administered may have been excessive, and it may be possible to reduce it. For instance, the duration of the heat exposure may be shortened. However, if full activation was not achieved (and full activation was expected to be required for the intended purpose), a larger heat dose would need to be applied. Unfortunately, temperatures above 45.5°C are uncomfortable, and long exposures may not be desirable. In the context of genetic therapies or vaccination, a possible avenue for resolving such a problem would be modification of an HSP promoter to enhance its induced activity. Brade et al. (2000) added a short DNA segment containing three heat shock elements (HSE) upstream from the core human HSPA7 promoter. HSEs are binding sites for heat shock transcription factors (most notably HSF1) that control heat-induced expression from HSP promoters. The resulting modified promoter was as active following a 43°C/45 min heat treatment as the original HSPA7 promoter after a 45°C/45 min heat shock when assessed by reporter expression in transfected human MCF7 cells. Hence, the modification effectively reduced the activation temperature by about 2°C. Ortner et al. (2015) built an artificial HSP promoter by adding to a basal promoter an array of six DNA segments each containing an idealized HSE. The engineered promoter was as active after a 41.5°C/2 h heat exposure as the HSPA1A promoter after a 43°C/2 h heat treatment in HEK 293 cells transfected with luciferase reporter genes driven by one or the other promoter. Another approach may consist of increasing HSF1 activity. A system involving expression of a constitutively active form of HSF1 under the control of an HSP promoter was described by Vilaboa et al. (2005) . Wang et al. (2003) have used a similar approach to amplify the activity of a weak non-HSP promoter. Use of more elaborate designs that would allow for a reversible increase in HSF1 activity may also be contemplated. Finally, it is noted that our experiments specifically assessed heatinduced changes in transcript levels of HSP genes. Translation of transcripts of HSP promoter-driven genes may be subject to additional regulation, rendering the correspondence between transcript levels and expressed proteins less than perfect.
